ABSTRACT Polyacrylonitrile-derived carbon particles with uniform size and high porosity were synthesized and their capacitor properties were investigated. The carbon particles were simply prepared just by carbonizing and activating monodisperse polyacrylonitrile particles which were synthesized by polymerization of acrylonitrile in the mixture of methanol and N,N-dimethylformamide. The electrochemical measurements revealed that the carbon particles electrode maintained large specific capacitance even at high charge-discharge current densities.
Introduction
Porous carbon materials have been attracting wide attention for various applications such as adsorbents, 1 catalyst supports, 2 separation media, 3 electrodes for batteries 4 and capacitors, 5 hydrogen 6 and carbon dioxide 7 storing materials. During the past years, electric double layer capacitor (EDLC) is considered to be one of the most promising energy storage device owing to its long lifetime and high power density. 8 With the aim of enhancing the capacitance properties and energy density, monodisperse carbon particles with high porosity have been widely developed as electrode materials for EDLC because of their high electrical conductivity, high specific surface area, large pore volumes, and thermal stability. 9, 10 One of the most popular methods to synthesize such the carbon materials is direct carbonization of porous polymer precursors because it is very simple process. [11] [12] [13] Because characteristics of the resulting carbon materials strongly depend on that of polymer precursors, fabrication of polymer precursors plays quite important and considerable efforts have been paid to control their threedimensional (3D) structures. A lot of procedures have been investigated for controlling 3D polymer structures by means of organic or inorganic templates. [14] [15] [16] [17] [18] However, those methods have several drawbacks such as waste of template materials, complex processes and so on.
Dispersion polymerization of hydrophobic monomers in polar solvents are one of the most facile methods to prepare monodisperse polymer particles. For example, such particles of polyacrylonitrile (PAN) were prepared by the dispersion polymerization in a mixed solvent of N,N-dimethylformamide (DMF) (good solvent for PAN) and methaol (poor solvent for PAN). 19 Our group found that monodisperse porous PAN particles were obtained by choosing appropriate polymerization conditions. 20 In this work, we attempted to carbonize the PAN particles and to apply the resulting carbon materials to EDLC electrodes.
Experimental

Synthesis and characterization of PAN-C
The PAN was synthesized by polymerizing 10 g of acrylonitrile in the mixture of 67.5 g of DMF and 22.5 g of methanol. The mixture was put into a 200 mL two-necked round flask equipped with a condenser and 1.0 g of polyvinylpyrrolidone (PVP) as a stabilizer were dissolved in the solution at room temperature under vigorous stirring, followed by degassing by N 2 bubbling. Then, 0.2 g of 2,2B-azobis(2,4-dimethylvaleronitrile) (V-65) was added and the mixture was kept at 65°C for 8 h under stirring conditions. The resulting white-colored mixture was cooled to room temperature, to which large amount of methanol was added. The generated PAN particles were collected by centrifugation and washed with water, then freeze-dried for 24 h. Carbonization of PAN was executed by the following procedures; the PAN particles were prebaked at 210°C in air for 7 h, followed by being carbonized and activated at 1000°C for 1 h under Ar/CO 2 (75/25 vol%), giving PAN-derived carbon powder (PAN-C).
Morphology of PAN and PAN-C was investigated with a field emission scanning electron microscope (FE-SEM; JEOL JSM-6500F). N 2 adsorption/desorption isotherms at 77 K were measured by using Nova4200e systems.
Electrochemical measurements
The capacitor properties of PAN-C were evaluated by cyclic voltammetry and galvanostatic charge-discharge measurements using a conventional three-electrode cell with a HZ-5000 potentiostat/ galvanostat (Hokuto Denko). The PAN-C of 95 wt% and polytetrafluoroethylene of 5 wt% as a binder were well mixed, and the mixture was kneaded and rolled into a thin sheet. Thickness of the sheet was adjusted to ca. 100 µm. A circular sheet with 5 mmT was punched out, followed by being pressed onto a piece of stainless mesh (SUS304; 7 mm © 7 mm), and it served as an electrode of the EDLC.
A platinum mesh and a Ag/AgCl (in saturated KCl) were used as the counter and the reference electrode, respectively. For compar- ison, capacitance property of palm shell-derived activated carbon (AC; Kuraray Chemical) was also examined. The AC working electrode was prepared by the same way as that for the PAN-C electrode preparation. The electrical resistance of the electrodes was measured by AC impedance technique using an ALS 660A (BAS).
Results and Discussion
Fabrication of PAN-C
FE-SEM images of PAN and PAN-C are shown in Figs. 1(a) and (b), respectively. The PAN synthesized by the dispersion polymerization exhibited spherical shape with uniform particle size (600 nm), and rugged structure was found on the surface of each particle. Calcination turned the white PAN powder to black one, meaning carbonization, the yield of which was 25%. It is noteworthy that the uniform size and the rugged surface of PAN were almost maintained even after carbonization although a little shrank of the particles was also recognized. The specific surface area was measured by N 2 adsorption/desorption isotherms at 77 K. Based on the Brunauer-Emmett-Teller (BET) equation, the specific surface areas of PAN and PAN-C were 110 m 2 g ¹1 and 722 m 2 g ¹1 , respectively. The large increase in the specific area by calcination indicates clearly that the gas activation during the calcination worked effectively to enlarge the surfaces of the carbon particles.
Electrochemical characteristics of the PAN-C electrode
PAN-C and AC electrodes were prepared without addition of any conducting supplement to evaluate the double layer capacitance property of each carbon material itself. The prepared circular electrode sheets (5 mmT © 100 µm thickness) of PAN-C and AC contained the respective carbon materials of 1.28 mg and 1.03 mg, suggesting that PAN-C particles are more closely packed than AC particles. Figure 2 showed well-defined rectangular shape without any specific oxidation or reduction waves. Such the shape was relatively well maintained even at higher scan rate (³200 mV/s) although some distortion was recognized. Meanwhile, steady diminishment of the rectangular shape was observed in the cyclic voltammograms of the AC electrode with an increase in the potential scan rate, as shown in Fig. 2(b) . This is a typical electrochemical behavior observed for a carbon powder electrode having high resistance. Therefore, comparison of the results shown in Figs. 2(a) and (b) allowed us to speculate that the PAN-C electrode possesses higher conductivity than the AC electrode.
In order to quantitatively compare the difference in the electrochemical behavior of the two materials, their specific capacitances estimated from the voltammograms were compared. Figure 2(c) shows relationship between the specific capacitance and the potential scanning rate of the voltammograms. The specific capacitances of PAN-C and AC estimated from the voltammograms taken at 1 mV s ¹1 were 101 F g ¹1 and 146 F g ¹1 , respectively. At the low scan rate, the AC electrode exhibited larger specific capacitance than the PAN-C electrode due mainly to its larger surface area (1340 m 2 g
¹1
). In contrast, the specific capacitance of PAN-C became larger than that of AC at the scan rate higher than 100 mV s ¹1 . As already mentioned in the experimental section, the electrodes used in this study contained no conducting supplement in order to investigate electronic contacts between the carbon particles. It should be then noted that the AC electrode gave such the low capacitance but addition of the acetylene black of 10 wt% raised its capacitance to as high as 171 F g ¹1 , as expected. Figures 3(a) and (b) show the charge-discharge profiles of the both carbon materials obtained by passing constant-current to the three-electrode cell. As observed for the typical EDLC, the potential of PAN-C electrode linearly changed with charge-discharge time and slope of the potential change did not largely vary during the charge and discharge processes. This is good accordance with the results obtained by the cyclic voltammetry. The apparent specific capacitances obtained at 20 A g ¹1 of PAN-C and AC were 54.5 and 52.3 F g ¹1 which corresponded to 50.3% and 30.6% of the values at 0.05 A g ¹1 , respectively. However, when the specific capacitances of the PAN-C and AC electrodes were estimated from the slope of the linear potential change, degree of decrease in their capacitances caused by an increase in the passing current was 83.8% and 75.5%, respectively. It is, therefore, likely that the electrical resistance of the electrode is more attributable to the decrease of the apparent Electrochemistry, 83 (5), 348-350 (2015) capacity than ionic diffusion resistance and that smaller IR drop of PAN-C electrode resulted in the capacity retention as compared to the AC electrode. As a matter of fact, the Nyquist plots of the both electrodes obtained by AC impedance measurements revealed that the electrical resistance of the PAN-C electrode, which was estimated from the diameter of the semicircular plots to be 4.5 ohm, was much smaller than that of the AC electrode (15.8 ohm), as shown in Fig. 4 . It is well known that activated carbon powder has less cohesive attraction, resulting in loose contact between the carbon particles. Since such the behavior makes the powder resistance high, addition of a conducting supplement like the acetylene black is required to reduce the resistance. As judged from the results shown in Figs. 3 and 4 , PAN-C particles seem to possess relatively high cohesive attraction, resulting in decrease in the electrode resistance. It is assumed that not only the sphere particle shape with uniform size but also unique surface structure of PAN-C reduces resistance of PAN-C electrode. That is to say, PAN-C is closely packed in the electrode and rugged structure can enable forming good grain boundaries between PAN-C particles.
Conclusion
We successfully synthesized PAN-derived monodisperse carbon particles with high porosity. The PAN-C is obtained just by polymerizing acrylonitrile under appropriate ratio of DMF and methanol, followed by calcination. According to CV, the specific capacitance of PAN-C was 101 F g ¹1 . We speculate that PAN-C exhibits good capacitor performance even at high scan rate because sphere shape and rugged surface structure of PAN-C enable forming good grain boundaries, resulting in lessening of contact resistance between PAN-C particles. The results obtained in this study imply that PAN-C can be a promising candidate for a new class of electrode material for EDLC. Electrochemistry, 83(5), 348-350 (2015) 
